A bioassay method was developed to measure the average intensity within a UV disinfection reactor. The survival of spores of Bacillus subtilis was determined as a function of UV dose to prepare a standard curve. Spores were added to unknown systems, and the survival rate was used to determine the average intensity. A modification was used for flow-through reactors by which spores were injected as a spike and collected at a known time after injection. A point source summation method for calculating intensity was verified by bioassay measurements in a simple cylinder. This calculation method was also applied to multiple-lamp reactors.
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Environmental problems associated with chlorination have prompted research into alternatives for the disinfection of wastewater effluents. Residuals and by-products can be toxic to aquatic life in receiving waters (19) . Chlorination by-products may be carcinogenic (12) . One disinfection process that would not be expected to produce undesirable by-products is UV disinfection. In addition, UV irradiation may be more effective than chlorination in killing viruses, compared with the doses necessary to kill indicator bacteria (20) .
Recent cost estimates from a full-scale wastewater plant showed UV disinfection to be the least expensive method for small systems. Treatment costs were only 38% higher than for chlorination in large systems (17) . Very little research has been done on the efficiency of UV disinfection systems. With further development, UV may prove to be less expensive than chlorination even for large systems.
There have been several pilot and full-scale investigations of UV disinfection of wastewater (9, 13, 16, 17) . Although these studies showed that UV disinfection was generally successful in meeting disinfection goals, comparison between these studies has been limited because there was no direct method of measuring UV doses nor any substantiated method for calculating doses in the complex geometries and absorbing solutions within practical reactors. In addition, lack of dose measurement methods has prevented the controlled evaluation of the effects produced by variables such as UV absorbance, filtration, reactor design, and the different sensitivity of various organisms.
There were several problems with the methods of UV dose estimation used in previous studies of UV disinfection. (i) UV radiometer detectors measure intensity on a planar surface and thus cannot be used near a long tubular lamp to measure the three-dimensional intensity to which a cell may be exposed (7, 13) . (ii) A UV radiometer detector positioned in the wall of a disinfection reactor cannot be used to estimate the average intensity in an absorbing solution within the entire reactor (4, 6) . (iii) Particles in wastewater scatter UV light so that spectrophotometers tend to overestimate the UV absorbance (9) . (iv) Equations have been used that incorrectly calculate the intensity near a tubular lamp in an absorbing solution (5, 12, 17, 18) . (v) In a flow-through reactor, distribution of exposure times is not simply related to volume and flow rate (13, 17) . It was the objective of this study to (i) develop a method for in situ measurement of intensity with a standardized bioassay, (ii) experimentally verify a method for calculating the intensity distribution around a tubular source, and (iii) separately evaluate the effects of intensity and the distribution of residence times in a flowthrough system. located at the end of the radius and moved around the arc, facing the centroid of the lamp. Intensity was measured far from the lamp centroid (190-cm radius) so that light rays from ends of the lamp were nearly perpendicular to the detector face. Output was calculated graphically by the following formula:
where 0 is the angle measured from the lamp axis (0 = 0) to the radius to the detector, r is the radial distance from the lamp centroid to the detector, and I is the intensity at r and 0. Radiometer measurements perpendicular to the lamp centroid could then be used as an index to the output, since these measurements were proportional to the variations in output due to variations in applied voltage or temperature. Output was monitored during experiments. Calculation of intensity. Common radiometer detectors cannot be used to measure intensity near a tubular lamp because they measure energy flux on the planar surface of the detector. Light received at angles other than 90°to the detector surface is attenuated, since the surface of the detector intercepts a smaller crosssection of the rays. Biological cells in motion in a solution, however, present a three-dimensional target and respond to the three-dimensional intensity from all angles within a disinfection reactor (10) .
To calculate the UV intensity at a point near a tubular lamp in an absorbing solution, we used an equation from the nuclear engineering field which we call the point source summation (PSS) calculation (7, 10, 15) . This equation assumes that the lamp is a line segment source and can be treated as the sum of a number of point sources. For a cylindrical reactor with a single central lamp surrounded by a quartz tube, a cylindrical coordinate system can be established (Fig.  1) . The line source of UV output OPT is divided into N point sources, each of which has strength S (units in watts): S = OPTIN. The intensity at a point I(R.z,) due to one point source (ZL) can then be treated as a product of the spherical spreading times the attenuation due to absorbance over a definite path length (P to PI) between the point in solution (RIZ,) and the point source (ZL). Applying Beer's law and simple geometry gives
where a is the absorbance of the medium; the other geometry is shown in Fig. 1 [8] ).
Bacillus subtilis (ATCC 6633) spores were used for the bioassays of UV dose. Preparation of spore stock is described elsewhere (9) . Spores were suspended in buffered water (1) . They were enumerated by pourplating in triplicate on Thermoacidurans agar (Difco Laboratories).
The survival of spores of B. subtilis was determined as a function of the UV dose to standardize the sensitivity of the spores. Since intensity, as measured by a radiometer, was only applicable in a collimated beam, the spores were exposed for fixed periods of time to a beam of UV light collimated by a black tube (Fig. 2) . The suspensions were kept in a stirred petri dish and contained either 5 suspension was measured with a radiometer. We assumed that 4% of the incident intensity was reflected at the water surface (8) . Since fluid depth and absorbance were minimal, the dose could be calculated based on the measured intensity and the known exposure time. When absorbance was significant, the average intensity was calculated by an integration of Beer's law over the fluid depth (11) . Standard curves of log survival versus dose were constructed (Fig. 3 ) and found to be reproducible over several months. The intensity could then be determined in an unknown system by (i) determining the survival (N/No), (ii) reading the dose corresponding to the observed survival on the standard curve (Fig. 3) We also applied the calculation methods used in some previous studies (13, 17) to these cylinders, and those methods gave results that differed greatly from our bioassayed average intensities.
Jacob and Dranoff (7) Fig. 6b . The survival rate (NI/No) was calculated for each flow fraction separately by comparing spore densities in the corresponding irradiated and unirradiated fractions at a given time after injection. The average intensity was then determined for each fraction by finding the corresponding dose from the standard curve and dividing by the time after injection. The assayed dose for each flow fraction was also plotted (Fig.   6b ). The slope of the regression line of the assayed dose versus time after injection was equal to the average of the assayed intensities in the separate fractions. A modification of the spore injection bioassay may be used to measure average intensity in full-scale reactors.
The assayed average intensities within the flow-through tubes (Fig. 5 , injection experiments) corresponded fairly well with the calculations of the PSS model (Fig. 5, lines) but were a little lower than the PSS calculations. The distribution of unirradiated and irradiated viable spores (Fig. 6 ) also showed that nearly all of the surviving spores emerged from the tube before the average retention time. This shows the important effect that flow dispersion can have on disinfection efficiency. As Fig. 6a . 45, 1983 .I t i (14, 20) to the actual disinfection expected in flow-through systems. In addition, it is essential to evaluate the intensity and RTD separately to approach the improvement of UV disinfection systems scientifically.
